Y-chromosome RFLP studies conducted by Spurdle and Jenkins [7, 8] provided the first definitive evidence that the male gene pool of SA Lemba was derived, in part, from non-African sources. Based on the 49a/TaqI system, 53% of Y chromosomes in the Lemba were assigned to haplotypes that were also found at considerable frequencies in SA Indians (38%) and in Jewish populations from SA, Europe and Yemen (>50%). Although Spurdle and Jenkins [8] could not distinguish between Jewish and non-Jewish Y chromosomes at this level of resolution, they concluded that the non-African Y chromosomes in the Lemba were of Semitic origin.
Using a combination of 6 short tandem repeat (STR) markers in conjunction with 6 bi-allelic markers, Thomas et al. [9] were able to further resolve the Y chromosomes in the Lemba. They found that a particular Y-chromosome haplotype -referred to as the Cohen modal haplotype (CMH) -was present in the Lemba at a frequency of 8.8% (12/136 ). The CMH had previously been reported at frequencies of 44.9% in Ashkenazi and 56.1% in Sephardic Cohanim (descendants of Jewish priests) and among Ashkenazi and Sephardic Israelites at 13.2% and 9.8%, respectively. [10] Thomas et al. [10] estimated that the CMH originated approximately 2 000 -3 200 years ago and suggested that this Y-chromosome haplotype was useful in tracing Jewish ancestry. The CMH was subsequently shown to segregate on the background of haplogroup J-12f2a and was present in samples of Ashkenazi, Sephardic and Kurdish Jews (without considering religious status) at frequencies of 7.6%, 6.4% and 10.1%, respectively. [11] Increasing the resolution of Y-chromosome analysis that included 75 binary markers and 22 STR markers, Hammer et al. [12] genotyped 122 Ashkenazi and 93 non-Ashkenazi Cohanim to further resolve the paternal ancestry of Jewish priests. Haplogroup J, defined by the presence of the 12f2a/M304 mutation, was resolved further into 16 sub-haplogroups defined by 15 binary markers. A new mutation, P58 T→C, defined the most common lineage J-P58* in the Cohanim and it was on this haplogroup background that the original CMH defined on the basis of the 6-STR marker system was found. [10] The inclusion of 6 additional STRs extended this haplotype to 12 STRs which was subsequently referred to as the extended CMH. [12] Of the 99 J-P58* Y chromosomes they examined, 87 carried the CMH using the 6-STR marker system. However, when the 12-STR marker system was used, only 43 Y chromosomes were found to have the extended CMH. Also, whereas the original CMH was found in several Near Eastern populations, the extended CMH, together with its two closely related haplotypes, had a much more restricted distribution and was only found among Cohanim (29.8%) and Israelites (1.5%), but not among the Levites and non-Jewish populations surveyed. [12] Given that the higher resolution at both the haplogroup and haplotype level helped refine the definition of the CMH, its frequency among the Cohanim, and its distribution in other Jewish and non-Jewish populations, the present study revisited the question concerning genetic affinities between the Lemba and Jews. This was done following screening for the extended CMH in a sample of SA Lemba and Zimbabwean Remba.
Methods

Samples
Blood samples were collected from healthy, unrelated adult volunteers with their informed consent and approval from the Ethics Committee for research on human subjects at the University of the Witwatersrand (protocol no. M980553). Two groups of Lemba were examined in this study -one from Limpopo Province, SA (referred to herein as Lemba) and the Remba from Zimbabwe. The Venda from Limpopo, the people among whom the Lemba reside in this region, and a sample of predominantly Ashkenazi Jewish males from Johannesburg, SA, were included for comparative analysis in the study. Altogether, 261 individuals were examined for Y-chromosome polymorphisms (76 Lemba, 54 Remba, 43 Venda and 88 SA Jews).
Typing of Y-chromosome polymorphisms
DNA samples were extracted from peripheral blood using the standard salting-out method. [13] Initially, 16 bi-allelic Y-chromosome polymorphisms were used to identify the major haplogroups ( Fig. 1A ). [14, 15] Haplogroup designation follows the nomenclature proposed by the Y Chromosome Consortium. [16] Subsequently, haplogroup J* defined by the M304 mutation, was resolved further after screening for the mutations M267, M172, P58, M410, M318 and M12 [12] using a single-base extension method. [17] Haplotypes were resolved using both bi-allelic and STR polymorphisms. The original CMH was defined using 6 STR loci: DYS19, DYS388, DYS390, DYS391, DYS392 and DYS393 (in this order) that were amplified in two separate multiplex polymerase chain reactions (PCR). [18] The 12 STRs (DYS19, DYS385a, DYS385b, DYS388, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS426 and DYS439 that defined the extended CMH in this order) were genotyped in a subset of 91 individuals who were found to have haplogroup J-12f2a or J-M172 Y chromosomes. This was accomplished by using AmpFISTR Y-filer (Applied Biosystems) which amplified 17 Y-STRs: DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS385a, DYS385b, DYS437, DYS438, DYS439, DYS456, DYS458, DYS635 and YGATA H4 (underlined loci part of the extended CMH) and the Multiplex II PCR amplification kit (Applied Biosystems) that included the two STRs DYS388 and DYS426.
Statistical analysis
Y-chromosome variation was analysed at the haplogroup level defined by bi-allelic polymorphisms only, and at the haplotype level defined by both bi-allelic and STR markers. Haplogroup and haplotype diversity within populations was determined as described by Nei. [19] Population differentiation based on haplogroup and haplotype frequency data was performed using an exact test [20] using Arlequin software (version 3.5). [21] Variation within haplogroups was determined by calculating haplotype diversity and mean pairwise differences between haplotypes using Arlequin. [21] 
Results
Haplogroup variation using 16 bi-allelic and 6 STR markers
Typing for the 16 bi-allelic polymorphisms in the total sample of 261 males resulted in the derivation of 13 Y-chromosome haplogroups (Fig. 1A) . The bi-allelic markers together with the 6 STR loci defined 102 haplotypes (Appendix 1, available online).
Using the distribution of Y-chromosome haplogroups in global populations, [14, 15] haplogroups B-SRY10831.1, E-M2 and E-M40 were used to trace the African ancestry of Y chromosomes in the combined Lemba/Remba, whereas haplogroups F*, J, K*, L, P* and R were used to trace the non-African contribution. Although haplogroups E-M40 and E-M35 occur in both African and non-African populations, we were able to resolve the ancestry of the E-M40 chromosomes in the Lemba to African sources and the E-M35 chromosomes to non-African sources using the haplotype data from comparative analysis. Thus, the African contribution of Y-chromosome haplogroups in present-day Lemba and Remba was estimated to be 26.3% and 20.4%, respectively.
A comparison of the haplogroup distribution among Remba, Lemba, Venda and Jews revealed that Remba and Lemba had some haplogroups in common with the Venda and others with Jews ( Fig. 1A) . Of the 11 haplogroups found in the combined Remba/ Lemba sample, only four (E-M2, J-12f2a, J-M172 and L-M11) were shared between them. Although the four haplogroups together constituted a major component of the Y chromosomes in both Lemba (73.7%) and Remba (94.4%), the frequencies of these haplogroups (with the exception of haplogroup E-M2) differed in the two populations (Fig. 1A) . The most common haplogroup in the Remba was J-M172, which accounted for 42.6% of their Y chromosomes, whereas J-12f2a was most common in the Lemba (39.5%). Both J haplogroups were observed in Jews at frequencies of 18.1% and 22.7%, respectively. The CMH (14-16-23-10-11-12), which was resolved on haplogroup J-12f2a was only found in the Lemba (13.2%) and Jewish (15.9%) groups, but not in the Remba (H54, Appendix 1).
With the exception of L-M11, which was only found in Lemba and Remba, all haplogroups derived from non-African ancestry in the combined Lemba/Remba sample were also found in Jews.
Using the exact test of differentiation, all population pairs, including the Remba v. Lemba, were found to be significantly different from each other using both haplogroup (p<0.001) and haplotype (p<0.001) frequency data. Only 5 (H26, H58, H65, H67, H84) of the 42 haplotypes found in the combined Lemba/Remba sample were shared between the two groups (Appendix 1). Altogether, these lineages accounted for 39.2% of the Y chromosomes in the Lemba/Remba and they shared predominantly higher-frequency haplotypes ( Table 1) .
There was little divergence, as reflected in the small mean pairwise differences and low haplotype diversity values (Table 2) , within haplogroups found in the Lemba/Remba. Several haplogroups were represented only by a single haplotype, some of them at high frequency ( Table 2) . Other haplogroups comprised one major haplotype from which few one-step neighbours had evolved (Appendix 1).
Finer resolution of haplogroup J* and the extended CMH
Screening for the 6 binary markers within haplogroup J* in 35 Lemba, 24 Remba and 32 SA Jews resolved haplogroup J* into 4 sub-haplogroups (Fig. 1B) . Haplogroup J-P58 which is associated with the CMH was found in the Lemba (57.1%) and SA Jews (56.3%). Haplogroup J-M267* was found in the Lemba (28.6%) and Remba (16.0%) but not in the SA Jews. Haplogroup J-M172 was further resolved into sub-haplogroups J-M410* in the Remba (43.5%) and SA Jews (37.5%) and J-M12* in the Lemba (14.3%), Remba (44.4%) and SA Jews (6.3%).
The 12-STR marker system resolved the 91 M304 Y chromosomes ( Fig. 1B) into 46 haplotypes (Appendix 2, available online). The extended CMH (14-13-15-16-13-30-23-10-11-12-11-12) on the J-P58 haplogroup background was only found in 1/14 Jewish individuals who were found to have the original CMH (6 STRs). None of the 10 Lemba who were found to have the original CMH had the extended CMH. The most common haplotype 14-13-19-16-13-29-23-10-11-12-11-12 found in eight Lemba differed from the extended CMH by 5 mutational steps; 4 at the DYS385b locus and 1 at the DYS389II locus. The closest haplotype in the Lemba to the extended CMH differed by 4 mutational steps (3 at the DYS385b locus and 1 at the DYS389II locus).
At this higher level of resolution at both haplogroup and haplotype level, the Lemba and Remba only shared 3 haplotypes -1 on the J-M267* background and 2 on the J-M12 background (Appendix 2). None of the combined Lemba/Remba haplotypes were shared with the Jews.
Discussion
The Lemba have attracted a great deal of media attention following on Y-chromosome studies that lent support to their claims of having Jewish ancestry. [7] [8] [9] Given that the refinement in the resolution of Y chromosomes at both a haplogroup and haplotype level delineated an extended CMH that was found at a lower frequency than the originally defined CMH among the Jewish priesthood (Cohanim), and had a more restricted global distribution, [12] this study sought to revisit the question concerning the origin(s) of non-African Y chromosomes in the Lemba, in particular whether the extended CMH was present in the Lemba, and to examine the genetic affinities between the Lemba and Remba. The majority of Y chromosomes found in the Lemba (73.7%) and Remba (79.6%) were traced to non-African origins (Fig. 1 ). Haplogroups C, D and O were not found, suggesting that populations from geographical regions where haplogroups C and D (Asians) and haplogroup O (Oceanic) are commonly found did not contribute to the Y chromosomes found in the combined Lemba/Remba sample. Haplogroup J was the most common haplogroup in the Lemba/Remba (51.7%) and it was on the background of haplogroup J-12f2a that the original haplotype designation of the CMH based on the 6-STR system was found at frequencies of 9.6% in the Lemba and 15.9% in SA Jews, but not in the Remba (Fig. 1A) . When the higher resolution of haplogroup J* in combination with the 12-STR system was used, the extended CMH was only found in one individual of SA Jewish descent (1.1%) and not at all in the Lemba. This finding argues against the claims made previously about possible connections between the Lemba and the Cohanim. [9] Hammer et al. [12] showed that while haplogroup J-P58* occurred among both Jewish (18.8%) and non-Jewish (15.5%) populations, the extended CMH was restricted to only the Jewish groups from across the range of the Jewish Diaspora. Furthermore, after using the 12-STR marker system to resolve haplotypes associated with haplogroup J-P58 Y chromosomes, the extended CMH was found at frequencies of 64.6% among Cohanim, 10.7% among Israelites and 12.2% in Ashkenazi Jews with unknown castes, but was not found in the Leviim or in 2 099 non-Jewish individuals surveyed. [12] Overall, the extended CMH was found at a frequency of 5.3% among Jewish populations. [12] Only one of the two closely related haplotypes to the extended CMH reported [12] was found in a Jewish individual in this study (haplotype 8, Appendix 2). There was no haplotype sharing between the combined Lemba/Remba sample and SA Jews when the 12-STRs were used to derive haplotypes (Appendix 2). Also, there were no matches to any of the J-P58 haplotypes derived in the Lemba/Remba to any of the J-P58 chromosomes reported by Hammer et al. [12] The three haplogroup J-M304 chromosome haplotypes shared between the Lemba and Remba (Appendix 2) must have been present in the founding non-African males who contributed to their Y chromosomes. Since none of the haplotypes resolved with the 12 STRs within haplogroups J-M267, J-M410 or J-M12 matched those reported, [12] it is still very difficult to unambiguously resolve the origins of these non-African Y chromosomes in the Lemba/Remba. Given the finer resolution of Y chromosomes among the Lemba/ Remba, the original claims of close Jewish links are not strongly supported. More support for the unlikely Jewish link of the Lemba with Jewish populations was reported by Mendez et al. [22] following the finer resolution of haplogroups L and T. In this study, a novel mutation (P326) was found in both haplogroups L and T. However, additional single nucleotide polymorphisms (SNPs), PS129, PS18 (M70), PS21 and L131 resolved haplogroup T into sub-branches T*, T1*, T1a* (with 6 sublineages) and T1b* (with 3 sub-lineages), respectively. Y chromosomes from Jewish populations clustered in branch T1a*. In the sample of 34 Lemba included in this study, 6 Lemba Y chromosomes (17.6%) were assigned to the branch T1b*. [22] Although this level of resolution was not genotyped in the present study, T1b* chromosomes would be represented by haplogroup L-M11 chromosomes found in the Lemba and Remba (Fig 1A) . The present-day distribution of haplogroup L-M11 is mostly confined to southern, central and western Asia; [23] it has been found only at low frequencies in populations of the Caucasus region and the Middle East and is absent in Palestinian and Syrian Arab. [11, [24] [25] [26] [27] Overall, this study has shown that Y chromosomes typically linked with Jewish ancestry were not detected by the higher resolution analysis conducted in the present study. It seems more likely that Arab traders, who are known to have established long-distance trade networks involving some thousands of kilometres along the western rim of the Indian Ocean, from Sofala in the south to the Red Sea in the north and beyond to the Hadramut, India and even China from about 900 AD, [28] are more likely linked with the ancestry of the non-African founding males of the Lemba/Remba.
Historical data show that after the establishment of a trading hub in Zanzibar Island by Arabs, Indian merchants capitalised on the commercial ventures and settled in East Africa to extend trading ties across the ocean with India. [28] By the beginning of the 15th century, Islamic trade and settlement was evident along the East African coast, involving Zanzibar and many other places along the coast, extending to the south to the mouth of the Zambezi River and inland where the borders of Botswana, Zimbabwe and SA meet. This area, in the vicinity of Mapungubwe, was rich in elephant ivory and alluvial gold, and the traditional leaders, already wealthy in cattle, became incredibly wealthy through this coastal trade. [29, 30] Following a vicious drought in about 1100 AD, the people of Mapungubwe moved north of the Limpopo to found Great Zimbabwe. From here, trade with the East for luxury goods such as textiles (silk and cotton), carpets, glazed pottery from Persia and porcelain bowls from China for African products that included ivory, copper and gold, flourished. [28] Conclusion Previous Y chromosome data, particularly the presence of the CMH in SA Lemba, led to claims of genetic links between the Jewish priesthood (Cohanim) and the Lemba. However, higher-resolution genotyping of haplogroup J chromosomes that harboured the CMH led to the delineation of an extended CMH that was found at high frequency among the Cohanim and restricted to Jewish groups across the Jewish Diaspora. In this study, the extended CMH was only found in a single Jewish individual, and not in the Lemba or the Remba. This finding, together with the lack of matches of haplotypes found in the combined Lemba/Remba group with Jewish populations, suggests that the haplogroup J Y chromosomes in the Lemba/Remba are not closely associated with Jewish ancestry. Rather, this study suggests a stronger link with Middle Eastern populations, probably the result of trade activity in the Indian Ocean. Also, although the SA Lemba and Zimbabwean Remba originated from the same founding population, several differences were observed in the composition and frequencies of their Y chromosome pools, perhaps a consequence of drift and human contacts the groups may have had following their split. However, it should also be stressed that studies on genetic ancestry makes use of patterns in DNA to look for similarities or differences, and in the present study Y chromosome haplogroups and haplotypes, and that this type of data is in no way aligned with identity testing. Issues of identity are complex and based on many criteria and should not be confused with ancestry testing.
